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Abstract 
Combining monolayers of different two-dimensional (2D) semiconductors into 
heterostructures opens up a wealth of possibilities for novel electronic and optical 
functionalities. Exploiting them hinges on accurate measurements of the band parameters 
and orbital hybridization in separate and stacked monolayers, many of which are only 
available as small samples. The recently introduced technique of angle-resolved 
photoemission spectroscopy with submicron spatial resolution (-ARPES) offers the 
capability to measure small samples, but the energy resolution obtained for such exfoliated 
samples to date (~0.5 eV) has been inadequate. Here, we show that by suitable 
heterostructure sample design the full potential of µ-ARPES can be realized. We focus on 
MoSe2/WSe2 van der Waals heterostructures, which are 2D analogs of 3D semiconductor 
heterostructures. We find that in a MoSe2/WSe2 heterobilayer the bands in the K valleys are 
weakly hybridized, with the conduction and valence band edges originating in the MoSe2 and 
WSe2 respectively. There is stronger hybridization at the Γ point, but the valence band edge 
remains at the K points. This is consistent with the recent observation of interlayer excitons 
where the electron and hole are valley polarized but in opposite layers. We determine the 
valence band offset to be 300 meV, which combined with photoluminescence measurements 
implies that the binding energy of interlayer excitons is at least 200 meV, comparable with 
that of intralayer excitons. 
 
Text  
An important direction in the growing field of 2D materials is the creation of artificial van der 
Waals heterostructures involving combinations of different monolayer materials, including 
semimetallic graphene, dielectric hexagonal boron nitride (hBN), and semiconductors such as 
transition metal dichalcogenides (TMDs).1 Heterostructures of particular interest include 
graphene/hBN, whose Moire superlattice patterns produce unusual electronic structure;2 
graphene/TMD3 and TMD/TMD, which show highly efficient photocurrent generation;4–6 and 
graphene/hBN/TMD, which act as light emitting diodes.7 Heterostructures of different 2D 
semiconductors could host exotic quantum phenomena such as superfluidity and Bose-Einstein 
condensation of excitons.8 Ultrafast charge transfer between layers9 and interlayer excitons (XI) 
with the electron and hole in opposite layers,10 have been observed in semiconducting TMD/TMD 
heterobilayers. They are also predicted to host rich valley physics11 and indeed valley-polarized 
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XI have been observed in aligned (small twist angle) samples.
12 A particularly promising 
combination is WSe2 and MoSe2, two isostructural semiconductors that are closely lattice-matched 
so they can be joined, stacked or alloyed with minimal strain and defects.13 
Although progress has been rapid, the restrictions of optical and transport characterization 
leave many key questions open. For example, is a semiconductor heterobilayer still a direct-
bandgap system with band edges at the K points? To what extent do the orbitals hybridize at the 
K and Γ points, and can one regard the bands at K simply as being those from isolated monolayers? 
What is the band offset? Is the interlayer exciton as strongly bound as excitons in the isolated 
monolayers are known to be? These questions illustrate the pressing need for direct and accurate 
measurements of the band parameters in order to establish authoritative basis of understanding of 
2D heterostructures. 
The technique of angle-resolved photoemission spectroscopy (ARPES) is well suited to 
determining 2D band structures. It has, for example, revealed bandgap opening14 and effects of 
coexisting commensurate and incommensurate regions15 in bilayer graphene, and yielded accurate 
bands in bulk layered semiconductors,16–18 monolayer MoSe2 epitaxially grown on graphite,
19 and 
graphene on bulk MoS2.
20 However, until now high-resolution ARPES has been restricted by the 
photon beam profile to mm-scale samples, while -ARPES of exfoliated material has lacked the 
energy resolution needed to measure such quantities as band offsets and hybridization shifts.21,22 
Here we show that an order of magnitude better resolution can be achieved in -ARPES (<50 
meV) by appropriate sample design, allowing accurate measurements of the relevant parameters 
in micron-scale 2D semiconductor heterostructures and also opening the way to studying the band 
structure in many other varieties of 2D device on a submicron spatial scale. 
Fig. 1a is an optical image of a sample which illustrates our approach. In the center is an 
exfoliated flake of WSe2 that has monolayer (1L), bilayer (2L) and multilayer (bulk) regions, with 
boundaries indicated by red dotted lines. Covering part of the flake is a graphene monolayer (G), 
outlined by a black dotted line, as indicated in the schematic cross-section in Fig. 1b. The flake 
was first picked up under the graphene on a polymer stamp (Supplementary Information S1), and 
the combination was then transferred onto a many-layer graphite flake exfoliated directly onto a 
p-doped silicon chip to serve as an atomically flat conducting substrate. Only very poor spectra 
could be obtained from layers placed directly on the silicon (Supplementary Information S2). The 
graphene cap allows the sample to be annealed at 400 °C in UHV to remove surface contamination 
without degrading the chalcogenides beneath it. Contamination between the van-der-Waals layers 
collects in blisters which consolidate on annealing to leave the majority of the interfaces between 
the monolayers atomically clean.23 
The heterostructures were located in the ARPES chamber by scanning photoemission 
microscopy (SPEM), in which a ~1 µm beam spot at 74 eV photon energy is scanned while 
collecting electrons with the spectrometer fixed (see Methods). At each pixel a spectrum was 
obtained, here integrated over a momentum range of ~ ±0.5 Å-1 near  Fig.1c is a SPEM map of 
the total emission in an energy window of ~ 3.5 eV below EF. Fig. 1d shows sample spectra from 
the 1L, 2L and bulk regions. The 1L spectrum is alone in showing negligible photo-emission within 
1 eV of EF. In an SPEM map limited to this energy range (Fig. 1e) the 2L and bulk regions are 
visible but the monolayer is not. In addition, the peak in intensity shifts downwards monotonically 
in energy as the number of layers increases. As a result, a map of the peak energy vs position (Fig. 
1f) shows contrast between 1L, 2L and bulk. Spectra from different points within a given region 
were identical (Supplementary Information S3), showing that the electronic properties were 
homogeneous, with no variation in work function as might be caused by contamination or 
compositional variation. Also, no drift in time due to charging was detected, showing that the 
graphite/silicon substrate makes a good electrical ground. 
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Figure 1 | Micro-ARPES measurements on graphene-encapsulated WSe2. a, Optical image and b, 
schematic cross-section of an exfoliated WSe2 flake with monolayer (1L), bilayer (2L) and bulk regions 
capped with monolayer graphene (G) and supported by a graphite flake on a doped silicon substrate. 
Scale bar is 5 µm. c, Scanning photoemission (SPEM) image of the same sample (integrated emission 
within ~ 3.5 eV of EF and ~ ±0.5 Å-1 of ). d, Angle-integrated spectra from each region in a. e, SPEM 
image in the energy window -1 eV < 𝐸 − 𝐸𝐹 < 0. f, Map of the energy of maximum emission, showing 
contrast between 1L, 2L and bulk regions. g, Energy slice from full 𝐸 − 𝒌 spectrum in the 1L region 
at 𝐸 − 𝐸𝐹 = −0.9 eV showing the Brillouin zone corners for the graphite (Kgraphite), graphene (KG) and 
WSe2 (KW). h, Momentum slice along Γ − Κ𝑊. Anticrossings between the graphene valence band 
(white dotted line) and the monolayer WSe2 bands are indicated by white arrows. i, Momentum slice 
through the graphene K-point showing that 𝐸𝐹 is at the Dirac point. j, Comparison of 𝐸 − 𝒌 spectra 
from 1L, 2L and bulk WSe2 regions. The upper row shows total intensity, the lower is differentiated 
twice with respect to energy. The superposed red dashed lines are DFT calculations; the white dotted 
line indicates the graphene valence band. 
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Full E-k spectra were taken from points in the WSe2 1L, 2L and bulk regions. Fig. 1g shows 
an energy slice at 𝐸 − 𝐸𝐹 = −0.9 eV in the 1L region. Circles of valence band states can be seen 
around the Γ point and the corners (red, labelled KW) of the hexagonal WSe2 Brillouin zone. There 
are also circles around the corners of the graphene (black, KG) and the graphite (brown, K̅graphite) 
zones, from which the relative orientations of the layers can be determined. The intensity from the 
graphite is an order of magnitude weaker than from the graphene, consistent with an inelastic mean 
free path of ~0.5 nm for ~70 eV electrons,24 and underscoring the fact that the technique probes 
only the top few layers. Fig. 1h shows a momentum slice along Γ-KW in the 1L WSe2 region. The 
graphene valence band (indicated by a white dotted curve) hybridizes with the WSe2 bands 
producing avoided crossings (white arrows) similar to those previously reported for graphene on 
MoS2.
20 Importantly, the crossings are >3 eV below 𝐸𝐹  and the WSe2 bands nearer 𝐸𝐹  are not 
perturbed, as expected.25 Fig. 1i shows a momentum slice through KG (on 1L WSe2). The Dirac 
point 𝐸𝐷 coincides with the Fermi level (EF red dotted line) to within the measurement accuracy 
of 𝐸𝐹  of 50 meV, setting an upper bound on doping of the graphene at 4𝜋(𝐸𝐷 − 𝐸𝐹)
2/
(ℎ𝑣𝐹)
2 ~1011 carriers cm-2 (with graphene Fermi velocity 𝑣𝐹 ≈ 10
6 ms-1). 
The 1L to 2L WSe2 interface here constitutes a simple example of a 2D semiconductor 
heterostructure. Figure 1j compares Γ-KW slices in 1L, 2L and bulk regions. All features of the 
bands are well resolved, and density functional theory (DFT, overlaid red dashed lines) reproduces 
the upper valence band well with no adjustable parameters other than an energy offset chosen to 
match the uppermost measured band at Γ. The bilayer should be stacked as in the bulk 2H crystal. 
As expected,26,27 in the monolayer the valence band maximum is at K (where the bandgap is known 
to be direct) and the bands near K are almost unchanged from monolayer to bulk. This is because 
the band edges at K have in-plane orbital character (W 5𝑑𝑥𝑦 and 5𝑑𝑥2−𝑦2) and hybridize very 
weakly between layers.25,28 On the other hand, the bands at  have out-of-plane character (Se 4𝑝𝑧 
and W 5𝑑𝑧2) and we see strong hybridization effects. In the bilayer and bulk the valence band 
splits at with a higher-mass band about 0.25 eV below that in the monolayer and lower-mass 
band about 0.50 eV higher. In the bilayer the valence band edge is still at K, while in the bulk it 
moves to . 
We now turn to the heterostructures of primary interest, namely heterobilayers hosting 
interlayer excitons. Fig. 2a is an optical image of a sample with an MoSe2 monolayer (green dashed 
line) partially overlapping a WSe2 monolayer (red dashed line) to form a heterobilayer region (H, 
blue dotted line). The monolayers were intentionally aligned by identifying the crystal axes using 
polarization-resolved second harmonic generation29–31 (Supplementary Information S4). Again 
there is a graphene cap and a graphite support. Fig. 2b shows angle-integrated spectra from a SPEM 
map acquired with the detector near  and EF. The most intense peak in the MoSe2 monolayer is 
~200 meV lower than in the WSe2, while in the H region there are two peaks that are shifted from 
those in the monolayers. As a result, a map of the energy of maximum intensity vs position (Fig. 
2c) differentiates monolayer and H regions, while showing consistency within each region. Within 
1 eV of EF there is no emission from the monolayers, but there is weak emission in the H region 
(Fig. 2d), as seen in the multilayer WSe2 regions in Fig.1e. Full angle-resolved spectra were 
acquired at points in the monolayer and H regions. In constant-energy slices the locations of the 
K-points of the two monolayers coincide in momentum space (Supplementary Information S5), 
confirming a twist angle less than 1° (we do not know whether it was the 0° or 60° orientation) 
and consistent with their lattice constants differing by <1%. 
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Figure 2 | Photoemission measurements on a 2D heterostructure. a, Optical image showing 
overlapping monolayer MoSe2 on monolayer WSe2 sheets in a heterobilayer region (H). Scale bar is 5 
µm. Their boundaries are indicated with color-coded dashed lines. b, Angle-integrated spectra in each 
of the three regions. c, Map of the energy of maximum emission. d, SPEM image in the energy window 
-1 eV < 𝐸 − 𝐸𝐹 < 0, showing contrast between H and the monolayers. e, Momentum slices along -
 in the three regions, with a cartoon of the structure above for reference. The superposed dashed lines 
on the twice differentiated data (bottom row) are DFT calculations for MoSe2 monolayer (green), WSe2 
monolayer (red), and commensurate bilayer (blue). The graphene band is again indicated by a white 
dotted line. The white dashes indicate the valence band maxima in the MoSe2 and WSe2 monolayers 
and hence the valence band offset. 
 
The variation in band structure between the three regions is revealed by the  momentum 
slices in Fig. 2e. The upper bands are again well matched by DFT (green and red dashed lines for 
MoSe2 and WSe2). The spin-orbit splitting is smaller in MoSe2 than WSe2 as expected, and we see 
that the valence band edge is lower in MoSe2 In the H region (center panel), near K the bands are 
very similar to the bands in the monolayers, implying weak interlayer hybridization near K as in 
the WSe2 bilayer. Near  there are two (more intense) bands again resembling those in the 
monolayers but shifted apart slightly, indicating moderate hybridization. Although the valence 
band edge remains at K, surprisingly there is an extra third (fainter) band at  with higher energy 
and smaller mass.  
This presents a puzzle, since two bands cannot normally hybridize to give three (all should be 
spin-degenerate at . We notice that the third band in the heterobilayer closely resembles the 
upper band in bilayer WSe2 (Fig. 1j), which results from the stronger hybridization between 
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commensurate layers. We also recall that when monolayers with different lattice constants are 
stacked, because of elastic energy any commensurate domains will have finite size as has been 
demonstrated for graphene on hBN.32 For zero twist the scale of the domains is 𝑎2/𝛿𝑎, where 𝑎 is 
the lattice constant and 𝛿𝑎 is the difference. Here this scale is ~100 nm, less than the photon beam 
spot size. We can therefore understand the spectrum of the heterobilayer as being a superposition 
of spectra from a mixture of incommensurate domains in which hybridization is weak and 
commensurate domains in which hybridization is similar to that in 2H bilayer WSe2. Indeed, DFT 
simulations of the commensurate heterobilayer reproduce the uppermost band at (blue lines in 
the center panel), along with the slightly down-shifted lower band. Including the calculated 
dispersions of the isolated monolayers (also shown in green and red in the center panel) matches 
the three bands with reasonable agreement, excepting the small shifts at mentioned earlier. These 
shifts, of order 100 meV, are reproduced by linear-scaling DFT33 (Supplementary Information S6), 
and previous calculations have shown that their magnitude is roughly independent of twist angle 
for incommensurate structures34 This is because near , unlike near K, the twist does not produce 
a crystal momentum mismatch that suppresses hybridization. As further evidence for the presence 
of commensurate and incommensurate domains, in another sample with an aligned monolayer of 
WSe2 on a bilayer of MoSe2 we observed four bands rather than three at Supplementary 
Information S7). Additionally, in a misaligned (by >5°) WSe2/WS2 heterobilayer we found only 
two bands at  (Supplementary Information S8), explained by the complete absence of 
commensuration in this case due to the combination of rotation and larger lattice mismatch (1.5 
%). 
 
Figure 3 | Summary of measured band parameters. Left: schematic showing the definitions of 
parameters applicable for monolayers and aligned bilayers. Solid lines signify measured quantities; 
dotted lines DFT calculations. Main: graphical illustration of the shifts of homologous bands and 
hybridization effects. In both 2L WSe2 and heterobilayer MoSe2/WSe2, hybridization is almost 
undetectable at K (red bands) but much larger at  (black bands). Table below: quantities determined 
by fitting the -ARPES spectra. 
 
The values of key parameters extracted from the measurements are summarized in Fig. 3. They 
were found to be fully consistent across multiple samples and showed no dependence on the 
7 
 
orientation of the graphene cap or graphite substrate. The spin-orbit splitting, ΔSO, at K is 0.49 ±
0.03 eV in WSe2 and 0.24 ± 0.03 eV in MoSe2, in agreement with the literature,27 as are the 
effective masses of holes at  and K. In monolayer WSe2 we find 𝐸𝐾 − 𝐸Γ = 0.50 ± 0.03 eV, 
consistent with scanning tunneling spectroscopy results,35 and in monolayer MoSe2 we find 𝐸𝐾 −
𝐸Γ = 0.44 ± 0.03 eV. We also record the valence band width, 𝐷, useful for comparison with band 
structure calculations.27 As is well known, in both monolayer species the valence band edge is at 
K whereas in the bulk it is at Γ. In the heterobilayer we find that the valence band edge is also at 
K, higher than the maximum at Γ by 0.14 ± 0.03 eV. The valence band offset between WSe2 and 
MoSe2 monolayers is ΔVBO = 0.30 ± 0.03 eV. 
We cannot probe the conduction band, and the single-particle gaps have not been established 
incontrovertibly by other means, so we show the conduction band edges at K (red dashed line) and 
Q (blue dashed line) calculated by DFT. Although DFT underestimates these energies, the 
predicted variations within the family of materials and between different points in the Brillouin 
zone are more reliable.27,28 The conduction band edge in the heterobilayer is predicted to remain 
at the K-point, which combined with our result implies that the band gap in H is direct. 
 
Figure 4 | Photoluminescence and exciton binding in aligned MoSe2/WSe2 heterobilayers. a, 
Above: representative PL spectrum showing peaks due to intralayer (XM and XW) and interlayer (XI) 
excitons (2.33 eV excitation at 20 𝜇W). Below: peak positions for 13 samples, implying that the energy 
of XI is 220 ± 20 meV below that of XM. b, Energy diagram showing the connection between the three 
exciton energies and the states derived from the MoSe2 and WSe2 conduction and valence bands at the 
K points. 
 
We can now gain new insights by combining these ARPES results with the measurements of 
optical properties. Fig. 4a shows a photoluminescence spectrum from an aligned WSe2/MoSe2 
heterobilayer sample at room temperature; below is a plot of the peak positions for 13 different 
samples. There are three peaks, whose origins are indicated schematically in Fig. 4b. XM and XW 
are the intralayer excitons formed from an electron and hole in bands from the same layer, either 
MoSe2 or WSe2, respectively. Their energies ℏ𝜔(XM) and ℏ𝜔(XW) are almost coincident with the 
corresponding valley excitons in the isolated monolayers, consistent with our finding that the band-
edge states near the K-points hybridize little, and implying too that the binding energy of intralayer 
valley excitons in one layer is insensitive to the presence of the other layer. The third peak is the 
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interlayer exciton, XI. The small (~2%) variation of ℏ𝜔(XI) between samples could be due to 
variations in substrate doping or twist angle. 
According to Fig. 4b the energy difference between the intra- and interlayer excitons has two 
contributions, the difference in their binding energies, 𝛿𝐸𝑏 = 𝐸𝑏(XM) − 𝐸𝑏(XI), and the valence 
band offset: ℏ𝜔(XM) − ℏ𝜔(XI) = ΔVBO − 𝛿𝐸𝑏 . Hence, by combining optical and ARPES 
measurements we can deduce that 𝛿𝐸𝑏 = ℏ𝜔(XI) − ℏ𝜔(XM) + ΔVBO. Averaging over the samples 
we get ℏ𝜔(XM) − ℏ𝜔(XI) = 220 ± 20  meV, and using ΔVBO = 300 ± 30  meV from above 
gives 𝛿𝐸𝑏 = 80 ± 40 meV. The fact that the XI is more weakly bound than XM is not surprising 
because the electron and hole in different layers are on average further apart. The values of 𝐸𝑏 in 
similar monolayers in the literature range from ~300 to 700 meV,36–43 with a report of 550 meV 
for MoSe2.
36 We therefore infer that the interlayer binding energy 𝐸𝑏(XI) = 𝐸𝑏(XM) − 𝛿𝐸𝑏 is at 
least ~200 meV. This is an order of magnitude larger than the binding energy of spatially indirect 
excitons in GaAs/AlGaAs double quantum wells. 
It is clear that the technique of -ARPES provides invaluable information for understanding 
and realizing the potential of 2D semiconductor heterostructure devices. By combining it with 
sample design along the lines we have introduced here, it will be possible to determine accurately 
the local electronic structure and chemical potential in all manner of other 2D devices. 
 
Methods 
Samples were fabricated by exfoliation and dry transfer as detailed in Supplementary 
Information Sections 1 and 4. 
µ-ARPES was performed at the Spectromicroscopy beamline of the Elettra light source, with 
linearly polarized radiation focused to a ~0.6 µm diameter spot by a Schwarzchild objective44 and 
incident at 45° with respect to the sample. The energy and momentum resolution of the 
hemispherical electron analyzer were ~50 meV and ~0.03 Å-1 respectively. SPEM maps were 
acquired over the energy range of the fixed detector (~3.5 eV), integrating over its angular range 
of ~15° (at 70 eV this is ~1.1 Å-1). Samples were annealed at up to 700 K for 1 to 2 hours in UHV 
before measurement and the sample temperature during the measurements was 110 K. 
The Quantum Espresso plane-wave DFT package45 was used for calculations of individual 
materials and aligned heterostructures (Figs.1-3), including the spin-orbit interaction.46 For 
simulations involving misaligned heterostructures, the ONETEP linear-scaling DFT code33 was 
utilized. Further details are given in Supplementary Information S9. 
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1. Stamp fabrication process for encapsulated WSe2 on silicon. 
Figure S1 | Schematic of the sample fabrication process for the WSe2 sample in Fig. 1 of the 
main text.  
1. Graphene was exfoliated onto silicon oxide and a suitable flake identified by optical 
microscopy. The graphene flake was transferred onto a polycarbonate (PC) on 
polydimethylsiloxane (PDMS) stamp by dry transfer,1 with a peak temperature of 105 °C to 
maximize graphene-to-PC adhesion. The stamp is on a glass slide mounted to a Maerzhaeuser 
Wetzlar (MW) SM 3.25 motorized micromanipulator controlled by joystick via an MW Tango 
controller. 
2. WSe2 was exfoliated onto silicon oxide and a suitable flake identified by optical microscopy. 
The graphene-on-stamp was aligned to the WSe2 flake, heated to 90 °C against it, and then 
peeled off to remove the WSe2 from the silicon oxide substrate, giving WSe2-on-graphene-on-
stamp. 
3. A thin flake of graphite was exfoliated onto silicon oxide and identified by optical microscopy. 
The stamp was aligned to the graphite and dry transfer at 90 °C was again used to remove the 
graphite from the silicon oxide, giving a graphite-WSe2-graphene stack on the stamp. 
4. The stack and stamp were firmly placed on a doped silicon substrate. 
5. The substrate was heated to 150 °C and the PDMS stamp peeled off, leaving the stack and PC 
on the silicon. The sample was then cleaned, removing the PC, by a solvent wash in 
chloroform, rinsed in IPA, and dried under N2 gas followed by thermal annealing in an Argon 
(95%)/Hydrogen(5%) atmosphere at 400 °C for 2 hr. 
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2. Comparison of spectra on graphite and silicon 
 
Figure S2 | Importance of graphite substrate for clean spectra. a, optical image of the graphene 
and WSe2 on the stamp for the sample shown in Fig. 1 of the main text. b, SPEM map acquired at 
the K point for the graphene layer; the dashed lines outline the positions of the WSe2 (red), graphite 
(brown) and graphene (black). c, energy-momentum slices across the K point of the graphene (i) 
on the graphene-on-graphite, (ii) on the graphene-on-bilayer WSe2-on-graphite, and (iii) on the 
graphene-on-silicon (positions as marked in b). On silicon, the graphene bands are weak and 
diffuse. Similar results were found across all samples, with high resolution spectra only possible 
for monolayer / bilayer flakes on graphite not directly on silicon. 
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3. Uniformity of SPEM within 1L/2L/B regions on WSe2 
 
Figure S3 | Demonstration of uniformity of photoemission within flakes. a, SPEM image of 
the WSe2 flake, as in Fig. 1c. b Spectra from within the monolayer, bilayer and multilayer regions 
of the WSe2 from the positions marked in a, demonstrating the uniformity of behavior within each 
region. 
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4. Stamp fabrication process for encapsulated MoSe2-on-WSe2 heterobilayer 
 
Figure S4 | Schematic of the sample fabrication process for the MoSe2-on-WSe2 sample in 
Fig. 2 of the main text. Scale bars are 5 µm. 
1. Graphene was exfoliated onto silicon oxide and a suitable flake identified by optical 
microscopy. The graphene flake was transferred onto a polycarbonate (PC) on 
polydimethylsiloxane (PDMS) stamp by dry transfer,1 with a peak temperature of 105 °C to 
maximize graphene-to-stamp adhesion. The stamp is on a glass slide which is taped to a rod 
mounted to a Maerzhaeuser Wetzlar (MW) SM 3.25 motorized micromanipulator controlled 
by joystick via an MW Tango controller. 
2. MoSe2 was exfoliated onto silicon oxide and a suitable flake identified by optical microscopy. 
The crystal axes were determined by room temperature linear-polarization-resolved second 
harmonic generation (SHG) at normal incidence with reflection geometry2–4 with excitation at 
1.4 µm. The graphene-on-stamp was aligned to the MoSe2 flake, pressed against it, heated to 
90 °C and then peeled off to remove the MoSe2 from the silicon oxide substrate, giving MoSe2-
on-graphene-on-stamp. 
3. WSe2 was exfoliated onto silicon oxide and a suitable flake identified by optical microscopy. 
Its crystal axes were also determined by SHG with excitation at 1.5 µm. The MoSe2-on-
graphene-on-stamp was aligned to the WSe2 flake, the flake was rotated to align the MoSe2 
and WSe2 armchair axes within 2 degrees, and dry transfer at 90 °C was used to form the WSe2-
on-MoSe2-on-graphene stack on the stamp. 
4. A thin flake of graphite was exfoliated onto a doped silicon substrate and identified by optical 
microscopy and atomic force microscopy. The stamp was aligned, and the stack pressed firmly 
against the graphite. 
5. The substrate was heated to 150 °C and the PDMS stamp peeled off, leaving the stack and PC 
on the silicon. The sample was then cleaned, removing the PC, by a solvent wash in 
chloroform, rinsed in IPA, and dried under N2 gas followed by thermal annealing in an 
Argon(95%)/Hydrogen(5%) atmosphere at 400 °C for 2 hr. 
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5. ARPES constant energy slices showing relative orientations of MoSe2 and WSe2 
 
Figure S5 | ARPES measurements of the orientations of the layers in the MoSe2-on-WSe2 
heterostructure from Fig. 2 of the main text. Constant energy slices with highlighted MX2 Γ 
and K points (red circles connected by lines), graphene K point (black circle connected by line) 
and graphite K point (brown circle connected by line) from: a the MoSe2 flake, b the 
heterostructure region and c the WSe2 flake. The MX2 Γ and K points were accurately found by 
fitting line profiles and coincided to within a rotation of 1° and a relative reciprocal spacing of 1%. 
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6. Linear scaling DFT calculations for misaligned MoSe2-on-WSe2 heterobilayers 
 
 
Figure S6 | linear scaling DFT predictions of the bandstructure of the misaligned 
MoSe2/WSe2 interface. Unfolded spectral function of the MoSe2/WSe2 heterostructure, projected 
on the WSe2 monolayer (b-left) and MoSe2 layer (b-right). The Γ-K directions are rotated by 8.21°. 
The spectral-function representation of the independent monolayers is also shown for WSe2 (c-
left) and MoSe2 (c-right). The center inset of (b) shows the density of states projected onto the 
WSe2 and MoSe2 layers from the MoSe2/WSe2 interface. The energy reference is the energy of the 
valence band maximum (VBM) at K in the heterostructure. 
 
Misaligned (rotated) MX2 layers form coincidence cells too large for the capabilities of plane-
wave DFT. Instead, linear-scaling DFT was used to gain insight into the effects of hybridization 
on band edge energies for incommensurate heterostructures. For full methodological details, see 
Section S9. We have previously shown that the energy landscape for misaligned MX2 
heterostructures is roughly independent of twist angle,5 and similarly the hybridization induced 
shifts at Γ are consistent in magnitude. For this reason we considered the angle which resulted in 
the smallest supercell size; a simulation cell containing 873 atoms (432 for WSe2, 441 for MoSe2) 
for layers rotated by 8.21°, with strain < 1% (in the MoSe2 layer). In order to observe the band 
structure effects of each layer in the presence of the other, we have calculated the unfolded spectral 
function, which was projected selectively on each of the component layers, as shown in Fig. S6b 
and as described in detail in our previous works.5 
 
Comparison between the band structures of the independent monolayers and the unfolded 
spectral-functions of the corresponding layers in the heterostructure shows low-spectral weight 
band intrusions from one monolayer into the other upon stacking. Moreover, the valence band 
maximum (VBM) at Γ of WSe2 is raised by 202 meV, while the MoSe2 VBM is lowered by 67 
meV giving an increase in separation of ~ 250 meV. The experimental results show qualitatively 
similar behavour, with the bands shifting in the same direction and with a similar magnitude of 
increase in separation (experimentally ~ 100 meV) to the DFT predictions. Note that currently the 
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linear scaling DFT approach adopted here does not include spin-orbit interactions – these are not 
expected to significantly alter the band structure at Γ but do change the band structure at K. 
 
  
9 
 
7. ARPES of encapsulated MoSe2-on-WSe2 with heterotrilayer regions 
Figure S7 | µ-ARPES of encapsulated MoSe2-on-WSe2 with heterotrilayer regions. 
Optical images of: a the MoSe2 flake (outlined by dashed green line) on graphene (outlined by 
dashed black line) on the stamp prior to transfer with the heterostructure region outlined in blue; 
b the WSe2 (outlined by dashed red line), MoSe2 and graphene on the stamp, and c the exfoliated 
WSe2 flake on silicon oxide prior to transfer. d Integrated SPEM map at Γ near EF; scale bar is 5 
µm. e Corresponding map of the energy of maximum emission. The dispersion around Γ is shown 
in f-i from points in the bilayer WSe2, bilayer MoSe2, monolayer WSe2, and the heterotrilayer 
(bilayer MoSe2 on monolayer WSe2) regions respectively with corresponding DFT calculations 
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overlaid: for the heterotrilayer the independent layers (monolayer WSe2 red dashed, bilayer MoSe2 
green dashed) and commensurate heterotrilayer (blue dashed) are both shown. Unfortunately for 
this sample the drift in position during acquisition was too quick to acquire full 𝐸 − 𝒌 spectra from 
each region, so these dispersions are not from high symmetry directions. 
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8. Band structure of monolayer WSe2-on-WS2 
 
Figure S8 | band structure of monolayer WSe2-on-WS2. a Optical image of the graphene 
(outlined by black dashed line) on monolayer WSe2 flake (red dashed line) on monolayer WS2 
(yellow dashed line) on graphite (black dashed line) with the heterostructure region outlined in 
blue. b Integrated SPEM map at Γ near EF; scale bar is 5 µm. c Corresponding map of the energy 
of maximum emission. In the heterostructure region the WS2 valence band at Γ has lower mass, 
giving a more pronounced peak in angle integrated spectra and hence is the more intense peak 
despite the WS2 being underneath. d SPEM map of the peak energy vs position in the W 4f core 
level region (at Γ), this shows that the WSe2 layer is on top. e Atomic cartoon of the WSe2/WS2 
twisted bilayer. f Dispersion around Γ from the regions as marked: the top row are the 
experimental results and the lower row LS-DFT predictions, on the right are line profiles through 
the bands at Γ for the WSe2 (red), WS2 (green) and the twisted bilayer (blue) showing that the 
hybridization induced shifts in band edges predicted by the LS-DFT are well matched to the µ-
ARPES data.  
A twisted bilayer of WSe2 on WS2, encapsulated between graphene and graphite, was 
also investigated. As shown in Fig. S8, in the heterostructure region only two bands were seen at 
Γ, shifted slightly from the bands in the independent monolayers (WSe2 shifted up by 150 meV 
and WS2 shifted down by 60 meV). The spectra from this sample were too diffuse to clearly 
resolve the dispersions at K and so these dispersions are not definitively along a high symmetry 
direction.  
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LS-DFT was again used to gain insight into the band shifts. The supercell contained 762 
atoms (363 for WSe2, 399 for WS2), with a 4.31° rotation between layers, giving a strain of  < 
1% (in the WS2 layer). Unfolded spectral functions for the independent layers, and for the 
heterostructure region, are given in Fig.S8: it is clear that when WS2 and WSe2 are stacked, there 
is evidence of hybridisation, as bands intrude from one monolayer into the other. In the 
heterostructure region the mass of the WS2 band at Γ increases and its energy shifts down by 20 
meV, whilst the WSe2 band increases in energy by 200 meV and its mass decreases: both 
observations are consistent with the experimental results. The LS-DFT thus shows that the 
observed changes in the band structure in the heterostructure are fully consistent with the 
expected effects of hybridization between layers. 
From the experimental results we can also measure the valence band offset at Γ to be 0.38 ± 
0.03 eV for the WSe2/WS2 heterostructure (WSe2 higher in energy). Although we could not 
resolve the bands at K for this sample, we can combine the experimental band positions at Γ with 
plane wave DFT valence band structures for WS2/WSe2 (including spin-orbit interactions) to 
predict the valence band offset at K to be 0.6 eV (WSe2 higher in energy).  
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9. DFT methodology 
Plane-wave DFT: for calculations involving individual materials and aligned heterostructures, 
the Quantum Espresso6 plane-wave DFT package was used. The ultrasoft atomic datasets of 
Garrity et al7 were used for structural calculations, and the optB88-vdW functional8 was employed, 
due to its previous success in describing interlayer interactions in 2D materials.5 The structures 
were optimized until forces were smaller than 10-4 Ry / Bohr for monolayers, and 5×10-4 Ry / Bohr 
for bilayers and bulk, while stresses were required to be smaller than 0.05 GPa. Subsequently, the 
bandstructures were calculated using the high-accuracy fully-relativistic PAW potentials of Dal 
Corso,9 such that spin-orbit interaction was included. We used a 12x12 in-plane k-point sampling 
grid (with 4 out-of-plane k-points for the bulk), an 800 eV plane-wave energy cutoff, and an 8000 
eV charge density cutoff. The simulation cell height was 30.0 Å, to avoid interaction between 
periodic images. All these parameters were determined to be sufficient for very good convergence 
of structural and electronic properties.  
 
Linear-scaling DFT: we utilized the ONETEP code,10 which uses an efficiently-parallelised 
linear-scaling formalism11 based around representation of the single-electron density matrix via 
in-situ optimized local orbitals and sparse matrices. Once again we used the optB88-vdW 
functional and a kinetic-energy cutoff of 800 eV. ONETEP does not currently have the ability to 
include spin-orbit coupling, the projector-augmented wave (PAW) method was employed, with 
atomic datasets exactly equivalent to the ultra-soft pseudopotential (USPP) datasets used for the 
geometry optimisations in the plane-wave DFT calculations described above. The Mo and W 
atoms both contained 14 valence electrons (4s2,4p6,4d5,5s1 for Mo, 5s2,5p6,5d4,6s2 for W), while 
S and Se contained only 6 valence electrons (3s2,3p4 for S, 4s2,4p4 for Se). 
 
ONETEP uses a nested-loop optimization scheme in which an outer loop optimizes the form 
of the local orbitals, while an inner loop optimizes the density matrix for fixed local orbitals. The 
flexibility provided by in-situ optimization means that it is possible to use relatively small number 
of local orbitals and retain systematically controllable accuracy equivalent to the plane-wave 
approach. In this case we used 13 non-orthogonal Wannier functions (NGWFs) for W and Mo (10 
for the valence electrons, 3 allowing for additional polarisation) and 9 for S and Se (4 for the 
valence electrons, 5 for additional variational freedom). All NGWFs were chosen to have a large 
cut-off radius (13.0 bohr), and the convergence criterion was that the root mean square of the 
NGWF gradient be smaller than 2×10-6. For each NGWF optimisation step, 8 self-consistent 
density-kernel iterations were performed. Truncation of the density kernel was not necessary for 
the system sizes employed. Geometry optimisation was performed by relaxing the internal atomic 
coordinates until the forces12 were below 0.1 eV / Å. The supercell was constructed by first 
determining the coincidence cells of the over-lapping rotated monolayers, allowing a maximum of 
1% strain. Spectral functions were calculated by unfolding supercell eigenstates into the primitive 
cells of each layer, as described in previous work.5 
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